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Respiratory syncytial virus (RSV) is the most important virus mediating lower respiratory tract illness in
infants and young children. RSV infection is associated with pulmonary inflammation and increased levels of
substance P (SP), making the airways and leukocytes that express SP receptors susceptible to the proinflam-
matory effects of this peptide. This study examines combining neutralizing anti-F glycoprotein and anti-SP
antibody treatment of RSV-infected BALB/c mice to inhibit RSV replication and inflammation associated with
infection. BALB/c mice were prophylactically treated with antibody prior to RSV infection or were therapeu-
tically treated at day 2 or 6 post-RSV infection. Prophylactic or therapeutic treatment with anti-SP antibodies
promptly reduced pulmonary inflammatory cell infiltration and decreased the number of cells expressing
proinflammatory cytokines, while anti-F antibody treatment reduced virus titers. The results suggest that
combined anti-viral and anti-SP antibody treatment may be effective in treating RSV disease.

Respiratory syncytial virus (RSV) is the leading cause of
lower respiratory tract disease in infants and young children
worldwide. A member of the Paramyxoviridae family, RSV is
an enveloped virus containing a negative-sense single-stranded
RNA genome. The protective immune response to RSV infec-
tion is primarily directed against the two major surface viral
glycoproteins, i.e., the G (attachment) and F (fusion) glyco-
proteins. The F glycoprotein appears to be most important for
induction of protective immunity and is associated with a high
serum neutralizing antibody response (6, 37) and activation of
CD14 and Toll-like receptor-4 (21). Some monoclonal anti-
bodies against the F glycoprotein provide passive protection
against RSV disease (8, 13, 18, 42); therefore, the F glycopro-
tein has been the focus for therapeutic intervention in RSV
disease.

At present, there is no RSV vaccine available, and the only
options to address disease are prophylactic administration of
enriched anti-RSV human immune globulin (Respigam) or
anti-F glycoprotein monoclonal antibodies (palivizumab [Syna-
gis]), both of which are recommended only for young children
at high risk for RSV disease. In addition, ribavirin (Virazole),
the only specific antiviral agent approved for RSV infection,
has limited efficacy (10, 19, 41; M. I. Marks and J. McBride,
abstract from Ribavirin Therapy for Respiratory Syncytial Vi-
rus Infections: a Scientific Workshop, Sept., 1989, Pediatr.
Infect. Dis. J. 9:S84, 1990), and its use is limited for treatment
of RSV infection in immune-compromised patients (10, 43).

Treatment with anti-RSV human immune globulin or anti-F
glycoprotein neutralizing antibodies is effective in decreasing

the titer of virus but does not appear to ameliorate the disease
process, suggesting that a substantial portion of disease is as-
sociated with the host response to infection (27). The impor-
tance of the host response to infection is also suggested by the
prominence of obstructed-airway disease and wheezing during
RSV infection (reminiscent of asthma), the fact that serious
disease can occur with repeated infections, and the occurrence
of enhanced disease in younger children vaccinated with for-
malin-inactivated vaccine during subsequent RSV infection.

One inflammatory mediator associated with inflammation is
the tachykinin neuropeptide substance P (SP) (40). SP is pro-
duced by afferent neurons and a variety of immune cells, in-
cluding eosinophils, monocytes, macrophages (17, 30), lym-
phocytes (9), and dendritic cells (23). Numerous studies have
directly associated SP with exacerbated inflammation (22, 25,
26, 29, 31, 32, 44). SP has been shown to affect inflammation by
mediating vasodilation, thereby enhancing cell trafficking, as
well as by affecting the cellular events involved in proliferation
and cytokine and growth factor synthesis (3–5, 7, 11, 24, 28,
36). A recent study from our laboratory showed that RSV
infection of BALB/c mice increases pulmonary SP levels, and
these increased levels of SP exacerbated pulmonary inflamma-
tion (40). In that study, treatment of RSV-infected mice with
anti-SP antibody decreased pulmonary inflammatory cells and
proinflammatory cytokine expression (40). Similarly, RSV-in-
fected rats have been shown to upregulate SP receptors in the
lungs, an effect that was associated with increased pulmonary
inflammation (20, 33). These findings suggest that SP might be
important for RSV pathogenesis, and inhibiting SP might re-
duce RSV-associated inflammation.

In this study, we examine the effectiveness of combining
antiviral treatment with a neutralizing anti-F glycoprotein
monoclonal antibody with anti-SP antibody. The results show
that prophylactic or therapeutic treatment with anti-SP mark-
edly reduces pulmonary inflammation, suggesting that anti-SP
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antibodies should be considered as an adjunct to antiviral
treatment to reduce RSV disease.

MATERIALS AND METHODS

Animals. Six- to 8-week-old, specific-pathogen-free female BALB/c mice
(Jackson Laboratory, Bar Harbor, Maine) were used in all experiments. The
mice were housed in microisolator cages and were fed sterilized water and food
ad libitum. All studies were performed in accordance with the guidelines of the
Institutional Animal Care and Use Committee.

Virus and infection. The A2 strain of RSV was used in all experiments and
propagated in Vero cells (ATCC CCL 881) as previously described (39). Mice
were anesthetized by intraperitoneal administration of avertin (2,2,2-tribromo-

ethanol; 0.2 ml/g of body weight; Sigma-Aldrich, St. Louis, Mo.), and intranasally
challenged with 106 PFU of RSV in Dulbecco’s PBS (GIBCO Laboratories,
Grand Island, N.Y.). No fewer than three mice per treatment were examined per
time point.

Antibodies and treatment. On day �1 prior to infection or day 2 or 6 postin-
fection (p.i.), mice were intraperitoneally treated with 150 �g of anti-F glyco-
protein monoclonal antibody (anti-F)/mouse (1), rabbit anti-SP F(ab)2 antibody
(Accurate Chemical and Scientific Corp., Westbury, N.Y.), or both anti-SP
F(ab)2 and anti-F glycoprotein antibodies (anti-SP/F; 150 �g of each antibody/
mouse) as previously described (40). Control mice were treated with 150 �g of
normal rabbit F(ab)2 immunoglobulin (nIg) (Jackson ImmunoResearch Labo-
ratories, Inc., West Grove, PA)/mouse, purified mouse IgG1 isotype antibody
(S1-68.1) (Pharmingen, San Diego, Calif.), or a combination of both control

FIG. 1. Prophylactic treatment. Shown are flow cytometry results following prophylactic treatment (day �1 prior to infection) of mice with
anti-SP and anti-F antibodies. (A) Total pulmonary leukocyte trafficking. (B to F) BAL were stained with antibodies against CD8� (B), CD4� (C),
B220� (D), and CD11b� (E) cells and PMN (RB6-8C5�) (F). The data are expressed as the mean number (103) of BAL/lung (� SEM) on days
3, 5, and 7 p.i. from three independent experiments. Asterisks indicate a significant difference (P � 0.05) between nIg-treated and antibody-treated
mice.
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antibodies. The anti-F antibody (clone 143-6C) used in these studies is similar to
palivizumab, i.e., it recognizes the same region on the F glycoprotein and both
neutralize and inhibit RSV infection (1).

Quantitation of SP. SP levels in cell-free bronchoalveolar lavage fluid were
analyzed using a competitive enzyme-linked immunoassay kit (Cayman Chemi-
cal, Ann Arbor, Mich.) in accordance with the manufacturer’s instructions as
described previously (40). The assay is based on the competition between free SP
and an SP tracer for a limited number of SP-specific binding sites. The percent
sample bound per maximum bound was calculated, and the SP concentration of
each sample was determined based on the percent standard bound per maximum
bound versus the standard SP concentration. The intra- and interassay coeffi-
cients of variation were �10%. The rabbit anti-SP F(ab2) antibody used in vivo
does not interfere with the antibodies used to detect SP in the competitive
enzyme-linked immunoassay.

Cell collection and analysis. Mice were anesthetized with Avertin and exsan-
guinated by severing the right caudal artery. Bronchoalveolar leukocytes (BAL)
were harvested by lavaging the lungs with PBS. The procedure used for extra-
cellular staining of BAL was modified for microculture staining as described
previously (39). Briefly, BAL were washed in Dulbecco’s PBS (GIBCO) contain-
ing 1% bovine serum albumin and then stained (4°C; 30 min) with an appropriate
dilution of the fluorescein isothiocyanate-conjugated or phycoerythrin-conju-
gated antibodies anti-CD3ε (145-2C11), anti-CD45R/B220 (RA3-6B2), anti-
CD8 (Ly-2), anti-neutrophil (polymorphonuclear leukocyte [PMN]) (RB6-8C5),
and anti-CD11b (M1/70) and isotype antibody controls (Pharmingen). Intracel-
lular cytokine staining was modified for microculture staining as described pre-
viously (39). Briefly, BAL were incubated in PBS containing Golgi Stop (Pharm-
ingen) for 3 h at 37°C to allow accumulation of intracellular cytokines. The cells
were washed in PBS and stained (4°C; 30 min) with an appropriate dilution of

FIG. 2. Early therapeutic treatment. Shown are flow cytometry results following early (day 2 p.i.) therapeutic treatment of mice with anti-SP
and anti-F antibodies. (A) Total pulmonary leukocyte trafficking. (B to F) BAL were stained with antibodies against CD8� (B), CD4� (C), B220�

(D), and CD11b� (E) cells and PMN (RB6-8C5�) (F). The data are expressed as the number (103) of BAL/lung (� SEM) on days 3, 5, and 7 p.i.
A representative experiment from two independent experiments is shown. Asterisks indicate a significant difference (P � 0.05) between nIg-treated
and antibody-treated mice.
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anti-CD3 antibody, fixed, and permeabilized in Cytofix/Cytoperm (Pharmingen).
The cells were washed in Cytofix/Cytoperm buffer and stained (4°C; 30 min) with
appropriate dilutions of anti-interleukin 2 (IL-2) (JES6-5H4), anti-IL-4 (BVD4-
1D11), anti-IL-5 (TRFK5), anti-IL-10 (JES3-16E3), anti-gamma interferon
(IFN-�) (XMG1.2), or anti-tumor necrosis factor alpha (TNF-�; MP6-XT22)
antibody (Pharmingen) diluted in PBS containing Cytofix/Cytoperm as described
previously (39). Extra- and intracellular staining was analyzed using a FACScan
and Cell Quest software (Becton Dickinson, San Diego, Calif.). The total num-
ber of CD3� BAL expressing a particular cytokine was determined by multiply-
ing the total number of BAL by the percent CD3� cells expressing that particular
cytokine.

Virus titers. Virus titers in the lungs of RSV-infected mice were determined as
previously described (39). Briefly, lungs were aseptically removed from three to
five mice per group on days 3, 5, 7, and 9 p.i. and stored at �70°C until they were
assayed. Identical weights (0.1 g) of individual lung samples were homogenized
in 1 ml of Dulbecco’s PBS, and 10-fold serial dilutions of the lung homogenates
were added to confluent Vero cell monolayers. Following adsorption (2 h; 37°C),
the cell monolayers were overlaid with Dulbecco’s modified Eagle’s medium
(GIBCO) containing 10% fetal bovine serum (HyClone, Logan, Utah) and

incubated at 37°C for 3 to 4 days. Plaques were enumerated by immunostaining
them with monoclonal antibodies against the G and F glycoproteins (130-2G and
131-2A, respectively).

Statistical analysis. Statistical significance was determined using Student’s t
test, where a P value of �0.05 was considered statistically significant.

RESULTS

Prophylactic treatment of RSV. Prophylactic treatment 1
day prior to RSV infection with anti-SP or anti-SP/F antibody
was associated with a substantial decrease in pulmonary in-
flammatory cells compared to nIg-treated mice (Fig. 1). For
example, treatment with anti-SP or anti-SP/F antibody de-
creased the total number of BAL in the lung by �50% on day
3 p.i. and by �75% on day 5 p.i. (the peak of virus replication
[see Fig. 5]) compared to nIg antibody treatment (Fig. 1A). By

FIG. 3. Late therapeutic treatment. Shown are flow cytometry results following late (day 6 p.i.) therapeutic treatment of mice with anti-SP and
anti-F antibodies. (A) Total pulmonary leukocyte trafficking. (B to F) BAL were stained with antibodies against CD8� (B), CD4� (C), B220� (D),
and CD11b� (E) cells and PMN (RB6-8C5�) (F). The data are expressed as the number (103) of BAL/lung (� SEM) on days 3, 5, 7, and 9 p.i.
A representative experiment from two independent experiments is shown. Asterisks indicate a significant difference (P � 0.05) between nIg-treated
and antibody-treated mice.
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TABLE 1. Intracellular cytokine expression by CD3� T cells following anti-SP and anti-F prophylactic antibody treatment
prior to RSV infectiona

Day Cytokine
Total cytokine-expressing CD3� BAL (103) � SEMb

nIg anti-SP % Reductionc anti-F % Reduction anti-SP/F % Reduction

3 IL-2 13.7 � 4.2 3.8 � 0.5 72 9.0 � 1.5 34 4.8 � 1.7 65
IL-4 13.0 � 4.0 3.8 � 0.5 70 8.2 � 1.3 37 4.5 � 1.6 65
IL-5 12.7 � 3.9 4.2 � 0.6 67 9.5 � 1.6 25 5.3 � 1.8 58
IL-10 8.8 � 2.7 2.2 � 0.3 75 5.5 � 0.9 38 2.5 � 0.9 72
IFN-� 16.2 � 5.0 5.1 � 0.7 69 11.4 � 1.9 30 6.4 � 2.2 60
TNF-� 19.3 � 5.9 6.3 � 0.9 67 15.6 � 2.6 19 8.5 � 3.0 56

5 IL-2 17.3 � 5.5 2.2 � 0.4 87 11.6 � 1.4 33 4.9 � 1.5 72
IL-4 16.9 � 5.4 2.5 � 0.5 85 11.1 � 1.3 34 5.5 � 1.7 67
IL-5 18.2 � 5.8 2.8 � 0.5 85 12.3 � 1.4 32 6.6 � 2.0 64
IL-10 12.7 � 4.1 1.8 � 0.3 86 9.1 � 1.1 28 4.0 � 1.2 69
IFN-� 19.3 � 6.1 3.1 � 0.6 84 15.1 � 1.8 22 6.4 � 2.0 67
TNF-� 27.8 � 8.9 5.0 � 0.9 82 20.2 � 2.4 27 8.6 � 2.6 69

7 IL-2 12.0 � 3.0 4.8 � 1.0 60 6.1 � 0.6 49 6.7 � 2.7 44
IL-4 10.6 � 2.7 4.0 � 0.9 62 5.5 � 0.5 48 6.4 � 2.6 40
IL-5 8.9 � 2.3 4.6 � 1.0 48 7.0 � 0.7 21 6.6 � 2.7 26
IL-10 4.5 � 1.1 2.5 � 0.6 44 4.0 � 0.4 11 3.8 � 1.5 16
IFN-� 10.3 � 2.6 5.4 � 1.2 48 7.6 � 0.7 26 7.6 � 3.0 26
TNF-� 21.2 � 5.4 9.7 � 2.1 54 3.8 � 1.3 82 12.8 � 5.2 40

a BALB/c mice were treated with control nIg, anti-SP, anti-F, or anti-SP/F antibodies 24 h prior to RSV infection. BAL samples from three mice per group were
examined on days 3, 5, and 7 p.i. The results of three independent experiments are shown.

b Data are represented as total CD3� BAL expressing IL-2, -4, -5, or -10, IFN-�, or TNF-� per lung � SEM. The total number of CD3� BAL expressing a particular
cytokine was determined by multiplying the total number of BAL by the percent CD3� cells expressing that cytokine.

c Percent reduction is the change in total cytokine-expressing CD3� cells after anti-SP, anti-F, or anti-SP/F treatment relative to total cytokine-expressing CD3� cells
after nIg treatment.

TABLE 2. Intracellular cytokine expression by CD3� T cells following anti-SP and anti-F therapeutic antibody treatment
on day 2 Post-RSV infectiona

Day Cytokine
Total cytokine-expressing CD3� BAL (103) � SEMb

nIg anti-SP % Reductionc anti-F % Reduction anti-SP/F % Reduction

3 IL-2 13.6 � 3.1 15.3 � 3.5 0 15.7 � 1.8 0 12.5 � 1.6 8
IL-4 15.0 � 3.5 14.3 � 3.3 5 15.8 � 1.8 0 11.8 � 1.5 21
IL-5 13.5 � 3.2 14.3 � 3.3 6 14.0 � 1.6 0 10.1 � 1.3 25
IL-10 10.2 � 2.4 11.4 � 2.6 12 12.5 � 1.4 0 8.4 � 1.1 18
IFN-� 16.7 � 3.9 7.6 � 1.8 54 16.7 � 1.9 0 13.9 � 1.8 17
TNF-� 16.1 � 3.7 7.3 � 1.7 55 16.2 � 1.9 0 12.8 � 3.2 21

5 IL-2 10.2 � 0 4.4 � 0.9 57 5.3 � 0.6 48 2.7 � 0.5 74
IL-4 17.3 � 0 3.3 � 0.6 81 9.1 � 1.1 53 4.3 � 0.8 75
IL-5 14.3 � 0 2.6 � 0.5 82 8.0 � 0.9 44 3.5 � 0.7 75
IL-10 11.3 � 0 1.9 � 0.4 83 5.1 � 0.6 55 2.3 � 0.4 80
IFN-� 16.9 � 0 4.2 � 0.8 75 13.2 � 1.5 22 5.4 � 1.0 68
TNF-� 25.0 � 0 5.8 � 1.1 77 13.8 � 1.6 45 5.8 � 1.1 77

7 IL-2 4.0 � 0.3 3.0 � 0.7d 25 4.8 � 1.2 0 2.4 � 0.3e 40
IL-4 7.5 � 0.6 1.6 � 0.3f 79 4.2 � 1.1g 44 2.6 � 0.3h 65
IL-5 5.0 � 0.4 3.5 � 0.8i 30 4.5 � 1.1 10 2.2 � 0.3j 56
IL-10 2.5 � 0.2 1.6 � 0.3k 36 2.7 � 0.7 0 1.6 � 0.2l 35
IFN-� 11.2 � 0.9 5.5 � 1.2m 51 7.6 � 2.0n 32 4.0 � 0.5o 64
TNF-� 10.4 � 0.8 6.6 � 1.4p 37 8.7 � 2.2q 16 4.2 � 0.5r 60

a BALB/c mice were infected with RSV. Two days p.i., the animals were i.p. treated with 150 �g of nIg, anti-SP, anti-F, or anti-SP/F antibodies/mouse. BAL samples
from three mice per group were examined on days 3, 5, and 7 p.i. The results of a representative experiment are shown.

b Data are represented as the total CD3� BAL expressing IL-2, -4, -5, or -10; IFN-�, or TNF-� per lung � SEM. The total number of CD3� BAL expressing a
particular cytokine was determined by multiplying the total number of BAL by the percent CD3� cells expressing that cytokine. Boldface values indicate a significant
difference.

c Percent reduction is the change in total cytokine-expressing CD3� cells after anti-SP, anti-F, or anti-SP/F treatment relative to total cytokine-expressing CD3� cells
after nIg treatment.

d P value comparing nIg control to anti-SP; P 	 0.150.
e P value comparing nIg control to anti-SP/F; P 	 0.017.
f P value comparing nIg control to anti-SP; P 	 0.009.
g P value comparing nIg control to anti-F; P 	 0.054.
h P value comparing nIg control to anti-SP/F; P 	 0.002.
i P value comparing nIg control to anti-SP; P 	 0.077.
j P value comparing nIg control to anti-SP/F; P 	 0.003.
k P value comparing nIg control to anti-SP; P 	 0.017.

l P value comparing nIg control to anti-SP/F; P 	 0.031.
m P value comparing nIg control to anti-SP; P 	 0.018.
n P value comparing nIg control to anti-F; P 	 0.117.
o P value comparing nIg control to anti-SP/F; P 	 0.002.
p P value comparing nIg control to anti-SP; P 	 0.084.
q P value comparing nIg control to anti-F; P 	 0.110.
r P value comparing nIg control to anti-SP/F; P 	 0.003.
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day 7 p.i., the numbers of cells were similar for all treatments.
For the leukocyte subsets, the decrease was not always evident
on day 3 p.i. but was most evident on day 5 p.i. Anti-SP/F
antibody treatment reduced the total number of CD8� (P �
0.05 [Fig. 1B]), CD4� (Fig. 1C), B220� (P � 0.05 [Fig. 1D]),
and CD11b� (P � 0.05 [Fig. 1E]) cells and PMN (P � 0.05
[Fig. 1F]) 6- to 10-fold by day 5 p.i. compared to nIg-treated
mice. In contrast, treatment with anti-F antibody alone was
associated with an increase in CD8� and CD11b� cells on day
3 p.i. and had minimal effect on the leukocyte subsets at later
time points (Fig. 1).

Therapeutic treatment of RSV infection. The results for
anti-SP antibody prophylaxis suggested that similar treatment
might be therapeutically effective during RSV infection. Early
anti-SP or anti-SP/F antibody treatment on day 2 p.i., prior to
the period of maximal viral replication (day 5 p.i. [see Fig. 4]),
led to a prompt and marked decrease of total pulmonary cells
compared to nIg antibody-treated mice (Fig. 2A). One day
after antibody treatment, the numbers for all cell subsets were
decreased (P � 0.05) compared to anti-F or nIg antibody-
treated mice. Treatment with anti-F antibody, relative to nIg,
was associated with some reduction of CD8�, B220�, and
CD11b� cells and PMN, but not CD4� cells, on day 3 p.i. (Fig.
2B and D to F). By day 5 p.i., anti-F antibody treatment alone
was associated with a pronounced decrease in CD8� cells and
a modest decrease in the other leukocyte subsets.

Late anti-SP antibody treatment in RSV infection was also
effective (Fig. 3). Administration of anti-SP or anti-SP/F anti-
bodies on day 6 p.i. reduced the total number of cells infiltrat-
ing the lung 1 day after treatment (Fig. 3A). Antibody treat-
ment decreased the numbers of all leukocyte subsets examined
on day 7 p.i. compared to both nIg and anti-F antibody-treated
mice (Fig. 3B to F).

Cytokine expression after anti-SP and anti-F antibody treat-
ments. Similar to cell numbers, the levels of intracellular cy-
tokine expression were markedly decreased by anti-SP or anti-

SP/F antibody treatment (Tables 1, 2, and 3). This decrease is
most easily seen by examining the percent decrease of CD3�

BAL for the different treatments. In mice treated prophylac-
tically with anti-SP or anti-SP/F antibody, cytokine expression
on days 3 and 5 p.i. was inhibited 56 to 87% (Table 1). By day
7 p.i., this inhibition was less distinct and ranged from 16 to
62%. Anti-F antibody treatment also reduced cytokine expres-
sion, but the effect was less than that observed with anti-SP/F
antibody treatment (Table 1). For mice treated therapeutically
on day 2 p.i. with anti-SP or anti-SP/F antibody, there was not
a significant decrease in cytokine expression on day 3 p.i.,
except for IFN-� and TNF-� in the anti-SP-treated mice; how-
ever, all treatment groups showed a decrease compared to nIg
treatment on day 5 p.i. The decrease on day 5 p.i. was greater
when anti-SP antibodies were included in the treatment (57 to
83%) than when they were not (anti-F treatment, 22 to 55%)
(Table 2). On day 7 p.i., the greatest decrease in cytokine
expression was again most evident with treatments that in-
cluded anti-SP antibodies, and the decrease following all treat-
ments was greatest for IL-4 and IFN-� expression. Intracellular
cytokine expression also decreased in mice treated with anti-SP
or anti-SP/F antibody on day 6 p.i. (Table 3) and was greatest
when anti-SP antibody was included in the treatment. Al-
though treatment with anti-SP antibody reduced cytokine ex-
pression on day 7 p.i. (26 to 72%), the greatest reduction in
cytokine expression was observed on day 9 p.i. (51 to 70%) for
mice treated with anti-SP antibodies (Table 3).

Virus replication and SP levels. As expected, administration
of anti-F antibodies alone markedly decreased the titer of virus
in the lungs. Treatment with anti-SP antibodies did not alter
the titer of the virus recovered (Fig. 4), i.e., the titer of virus in
mice treated with anti-SP antibodies was not significantly dif-
ferent from the titer of nIg-treated mice, and the titer of virus
in mice treated with anti-SP/F antibody was not significantly
different from that in mice treated with anti-F antibody alone.
As previously shown, SP levels increased with RSV infection

TABLE 3. Intracellular cytokine expression by CD3� T cells following anti-SP and anti-F therapeutic antibody treatment
on day 6 post-RSV infectiona

Day Cytokine
Total cytokine-expressing CD3� BAL (103) � SEMb

nIg anti-SP % Reductionc anti-F % Reduction anti-SP/F % Reduction

7 IL-2 9.7 � 2.5 6.8 � 1.1 30 8.4 � 2.1 13 7.2 � 2.2 26
IL-4 11.1 � 2.8 7.3 � 1.2 34 7.7 � 1.9 31 6.2 � 1.9 44
IL-5 12.3 � 3.1 6.6 � 1.1 46 5.3 � 1.3 57 5.2 � 1.6 58
IL-10 6.7 � 1.7 4.8 � 0.8 28 13.7 � 3.4 0 2.3 � 0.7 66
IFN-� 16.0 � 4.0 8.7 � 1.4 46 13.8 � 3.5 14 8.0 � 2.5 50
TNF-� 31.0 � 7.9 10.0 � 1.7 68 13.5 � 3.4 56 8.8 � 2.7 72

9 IL-2 11.7 � 2.7 3.5 � 0.7d 70 7.1 � 2.8 39 4.5 � 1.3e 62
IL-4 10.3 � 2.4 4.2 � 0.8 59 6.0 � 2.3 41 4.6 � 1.3 55
IL-5 10.0 � 2.4 4.2 � 0.8 58 6.5 � 2.5 35 4.9 � 1.4 51
IL-10 7.8 � 1.8 3.1 � 0.6 60 4.5 � 1.7 42 3.1 � 0.9 60
IFN-� 13.9 � 3.3 5.7 � 1.1 59 8.8 � 3.4 37 6.4 � 1.9 54
TNF-� 29.2 � 6.9 10.5 � 2.0 64 18.4 � 7.1 37 12.4 � 3.6 58

a BALB/c mice were infected with RSV. Six days p.i., the animals were i.p. treated with nIg, anti-SP, anti-F, or anti-SP/F antibodies. BAL samples from three mice
per group were examined on days 3, 5, 7, and 9 p.i. The results of a representative experiment are shown.

b Data are represented as total CD3� BAL expressing IL-2, -4, -5, or -10, IFN-�, or TNF-� per lung � SEM. The total number of CD3� BAL expressing a particular
cytokine was determined by multiplying the total number of BAL by the percent CD3� cells expressing that cytokine. Boldface values indicate a significant difference.

c Percent reduction is the change in total cytokine-expressing CD3� cells after anti-SP, anti-F, or anti-SP/F treatment relative to total cytokine-expressing CD3� cells
after nIg treatment.

d P value comparing nIg control to anti-SP; P 	 0.042.
e P value comparing nIg control to anti-SP; P 	 0.073.
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from a baseline level in naïve mice ranging from 3 to 5 (Fig. 5)
to 70 pg/ml on day 5 p.i. before decreasing to 45 pg/ml on day
7 p.i. (Fig. 5A). Administration of anti-SP antibodies reduced
detectable SP levels 53 to 88% compared to nIg-treated mice.
Of note, treatment with anti-F antibodies on days 1 (Fig. 5A)
and 2 (Fig. 5B) p.i. also decreased levels of SP, presumably by
decreasing virus replication. Despite the decrease in SP levels
after treatment with anti-F antibodies, there was only a mar-
ginal decrease in pulmonary cell infiltration, suggesting that
other factors may also contribute to the inflammatory response
associated with RSV infection.

DISCUSSION

In the absence of a safe and effective RSV vaccine, an
effective RSV treatment could be of substantial benefit to

patients of any age with serious RSV disease. In the immuno-
logically normal patient, it is likely that anti-inflammatory
agents will be needed in conjunction with an anti-viral drug,
immune globulin, or monoclonal antibody treatment to de-
crease RSV disease. Immunosuppressive medications, partic-
ularly steroids, have a significant role in the management of
many pediatric illnesses. Several steroid-based agents have
been examined for treating inflammation associated with re-
spiratory virus infections; however, all suppressed the immune
response and negatively affected virus clearance. In one animal
study, topical treatment of RSV-infected cotton rats with tri-
amcinolone, a synthetic glucosteroid, reduced pulmonary pa-
thology but resulted in delayed virus clearance (34). In another
study by this group, triamcinolone treatment of parainfluenza
virus-3-infected cotton rats also reduced pulmonary pathology
but resulted in a 10-fold increase in virus titers (35). Similarly,
hydrocortisone treatment of pneumovirus-infected BALB/c

FIG. 4. RSV lung titers following antibody treatment. The lungs of
antibody treated-mice were harvested on days 3, 5, 7, and 9 post-RSV
infection. (A) Prophylactic antibody treatment 1 day prior to infection.
(B) Early therapeutic antibody treatment on day 2 p.i. (C) Late ther-
apeutic antibody treatment on day 6 p.i. The results are expressed as
103 PFU/g (� SEM).

FIG. 5. SP levels in BAL. Mice were treated on day �1 prior to
infection (A) or day 2 (B) or day 6 (C) p.i. with either nIg, anti-SP,
anti-F, or anti-SP/F antibody. Cell-free BAL lavage fluid was harvested
on days 3, 5, 7, and 9 p.i. and examined for levels of SP by enzyme-
linked immunosorbent assay. The dashed lines represent the mean
baseline SP concentration in the BAL from naïve mice. The data are
expressed as the SP concentration (in picograms per milliliter) (�
SEM).
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mice had a deleterious effect of enhancing viral replication
and accelerating mortality (12). Prolonged virus shedding
has also been shown in clinical studies of RSV-infected
children with compromised immune function due to steroid
therapy (16).

The concept of combining nonsteroidal anti-inflammatory
treatment with antiviral agents has been examined for nonres-
piratory viruses, including rhinovirus-induced rhinitis (15) and
herpes simplex virus keratitis (14). In one study, treatment of
rhinovirus infections with the anti-viral agent IFN-� and two
anti-inflammatory agents (ipratropium and naproxen) reduced
the overall symptoms and disease severity in treated individu-
als (15). Likewise, combined treatment of herpetic stromal
keratitis with acyclovir and cyclosporin A reduced stromal in-
filtration and the severity of stromal disease (14).

An alternative target for reducing inflammation associated
with respiratory virus infection may be SP. SP has been shown
to be an important contributor to airway inflammation and
disease. Recent data from animal studies show that RSV up-
regulates the SP receptor (20, 33), and elevated levels of SP
have been detected in patients with asthma and obstructive
airway disease (38). Previously, we observed elevated pulmo-
nary SP levels associated with RSV infection in BALB/c mice
and showed that treatment with anti-SP antibodies was effec-
tive in reducing the number of inflammatory cells and proin-
flammatory cytokine expression (40). In this study, we demon-
strate the effectiveness of combining anti-SP antibody with a
neutralizing anti-F antibody in controlling both virus replica-
tion and RSV-associated inflammation. The anti-F monoclonal
IgG antibody used in this study (143-6C), recognizes the same
antigenic site (site A) as the anti-F monoclonal antibody used
for prophylaxis in humans (palivizumab) (2, 18). As expected,
this neutralizing monoclonal antibody inhibited virus replica-
tion when given as prophylactic or therapeutic treatment, and
as expected from previous studies, anti-F antibody treatment
was inadequate at reducing pulmonary inflammation. In con-
trast, both prophylactic and therapeutic treatment with anti-SP
antibodies promptly reduced the number of inflammatory
cells, and unlike steroid therapy, it did not prolong virus rep-
lication. In addition, treatment with anti-SP antibodies de-
creased the number of cells expressing proinflammatory cyto-
kines.

In summary, this study shows that the anti-SP antibodies can
effectively reduce inflammation and suggests that anti-SP treat-
ment may complement the antiviral effects of neutralizing an-
ti-F antibody treatment or antiviral drugs to provide an effec-
tive treatment for RSV disease.
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